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TECHNICAL NOTE 330k

INVESTIGATION.OF THE AERODYNAMIC CHARACTERISTICS OF A MODEL
WING-PROPELLER COMBINATION AND OF THE WING AND
PROPEILER SEPARATELY AT ANGLES OF ATTACK

UP TO 90°

By John W. Draper and Richard E. Kuhn
SUMMARY

An investigation of the aercdynamic characteristics of a model wing-
propeliler combination and of the wing and propeller separately at angles
of attack up to 90° has been conducted in the Langley 300 MPH 7- by
10-foot tunnel. The tests covered thrust coefficients corresponding to
free-stream velocities from zero forward speed to the normal range of
cruising speeds. The results indicate that increasing the thrust coef-
ficlent increases the angle of attack for meximum 1ift and greetly dimin-
ishes the usual reduction in 11ft above the angle of attack for maximum
1ift.

Predicted characteristics of an assumed airplane designed for verti-
cal take-off indicate that partial wing stalling would be encountered at
certain attitudes even though sufficilent power was availlable for flight
at any attitude. The effects of slipstream on the variation of Tift- =
curve glope with thrust coefficient for this model could be satisfactorily
estimated by means of a modified form of a method formulated by Smelt
and Davies. The variation of propeller normal force with angle of attack
compared favorably with calculated values. An apprecisble direct plitching
moment was found to exist on the propeller itself at high angles of attack.
This pitching moment was approximately doubled when the propeller was
operated In the presence of the wing and corresponded to a downward move-
ment of the effectlve center of thrust of sbout 20 percent of the pro-
peller radius.

INTRODUCTION

Numerous schemes have been suggested in an effort to design aircraft
that would combine the take-off and landing characteristics of a heli-
copter with the high-speed potential of a conventional fixed-wing alr-"
plane. One of the proposed arrangements involves the use of large-
diameter propellers as lifting rotors for the take-off and landing
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conditions. The cruising attitude is achieved by rotation of the wing-
propeller combination through approximately 90°, with the wing providing
the 1ift and the propellers (acting as conventional propellers) providing
the thrust required for forward flight.

Results are presented of experimental data obtained with a semispan
wing immersed in the slipstream of two large-dlameter propellers, and a i
brief analysis of the applicatlon of the data to asircraft combining flight
chearacteristics of the helicopter and conventional airplane. In addition,
forces and moments measured on the propeller, when combined with the wing
and when separated from the wing, are presented for an angle-of-attack
range up to 90°.

SYMBOLS

With a wing operating in the slipstream of a propeller, large forces
and moments can be produced even at very small free-stream velociltiles.
In this condition, coefficients based on the free-stream dynamic pressure
approach infinity and therefore become meaningless. It appears sppropriate
therefore to base the coefficlents on the dynamic pressure in the propeller
slipstream. For the present investigation, the coefficients based on this
principle are indicated by the use of a double prime and are defined in
the 1list that follows. The positive sense of forces, moments, and angles
is indicated in figure 1.

1ift coefficient, ift
L ’ q8/2
" 11ft coefficient, LiEfb
q"'s/2
Crm" pitching-moment coefficlent, Pitching moment
q""es/2
Cmp" pltching-moment coefficient of propeller,

Propeller pitching moment
q"sé
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Ny increment of total model pitching moment due to propellers,
calculated from the measured propeller data,
x { x
cmp“ + CN n “*C L + Cmp" + CN " c!ll-
B I b g
inboard outboard
Cy." normal-force coefficient of propeller, Lropeller normal force
P . q"S
CP power coefficient, 2rnq
on’D?
Cp thrust coefficient, T m
pn2D
" longitudinal-force coefficient, =ongitudinal force
q"s/z
T thrust coefficient, I
n g L2
g =D
4
b twice span of semispan wing, ft; also, propeller blade chord, ft
e wing chord, ft
- b/2 _
c mean serodynsmic chord, S f c2 dy, £t
0
D propeller diasmeter, ft S .
a diameter of the fully developed slipstream, ft
d‘l diameter of slipstream at any point, ft
X= ——X—/E—— (See appendix B.)



H

< < H wm

B.75R

number of propellers

propeller rotational speed, rps

propeller shaft power, %%%9, hp

torque, ft-1b

free-stream dynamic pressure, %¢v2, 1b/sq ft

slipstream dynamic pressure, gq + ﬂqja, lb/sq ft
T D

propeller tip radius, ft

radius to propeller blade element

twice area of semispan wing, sq ft

shaft thrust, per propeller, 1b

free-stream velocity, ft/sec

velocity at any point in slipstream, ft/sec

NACA TN 3304

increment of velocity in fully developed slipstream due to

thrust, ft/sec :
alrplene weight, 1b
longitudinal distance from propeller disk, ft

value of x terminating at &/k

spanvise distance from wing root, ft

angle of attack relative to free-stream velocity, deg

propeller blade angle, deg

propeller blade angle at 0.75 R, deg
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*

1 propeller efficiency,
2xnQ
LI T5/2
1 static thrust efficiency,
1100P
VaED
e angle of ineclination of slipstream velocity, deg
A multiplication factor for increase of 1ift due to slipstream

mass density of air, slugs/cu ft

¢ angle of inclination of thrust axis with respect to free
stream, deg : Co
Subscripts:
a=0 zero angle of attack
0 zero slipstream
e propeller

APPARATUS AND METHODS | _

Model

A semispan wing model of a hypothetical four-engine airplane was
used in this investigation. The wing had an aspect ratio of 4.55, a
taper ratio of 0.714, and an NACA 0015 airfoil section. A drawing of
the model with pertinent dimensions is presented as figure 2 and a photo-
graph of the model mounted for testing is shown in figure 5. The geometric
characteristics of the model are given in the following table: '

Wing:
Ares (semispan), sq@ Ft -« « « &« ¢ v ¢ ¢ s 4 e e e . . 5.125
Span (semispan), £ . . . . . . . . . .0 00 e e 3.416
Mean serodynemic chord, ¢, ft . . - . . . . . . . .7 .. 1.514
Root chord, £t . . . « + ¢« & ¢ ¢ ¢ v v ¢ 0 b v v e e e 1.75
Tip chord, £t . . « & « ¢« ¢ v ¢ v ¢ e v e et e e e e 1.25
Afrfoil section . . . . - ¢ & ¢« . 4 & ¢ 4 v . « « « » « . HNACA 0015 - -
Aspect ratio « ¢« . . v v L i d e b h e e e e e e e e e e 4 .55

Taper Tatio .« + o ¢ « ¢« ¢ v 4 e 4 e v e e e e e e e e e e 0.71%
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Propellers:

Diameter, £t . . ¢« ¢« « ¢ ¢ ¢ ¢« v v i e s e e e e e e e e e 2.0
Disk area, 8@ £ « « « v v ¢ v ¢« 4 v 4 e s e e e e e e e ' 3.14
Nacelle dilameter, £t . . . « ¢ ¢« « ¢ ¢ o v 4 4 0 e 0 v e .. 0.33
Airfoil section . « ¢« ¢ ¢ . ¢ ¢ . . c v i ¢ i v e e e s s . Clark Y

The wing was constructed on a steel spar, which served as the support
for the two motor nacelles and the mahogany blocks which form the wing
contour. The wing was also equipped with plain flaps that were locked
and sealed in the neutral position for this investigation.

The geometric characteristics of the three-blade aluminum~alloy pro-
pellers are given in figure 4. The propellers were driven by variable-
frequency electric motors rated at 20 horsepower at 18,000 rpm. The
motors were operated in parallel from one variable-fregquency power.supply.

The propeller diameter was too large to permit use of the high
design rotational speed of the motors. During the tests, the rotational
speed seldom exceeded 6,000 rpm or a propeller tip Mach number of 0.58.
The speed of each motor was determined by observing a stroboscopic type
of indicator, to which was fed the output frequency of a small alterna-
tor connected to the motor shaft. Because both motors were driven from
a common power supply, their speeds were usually matched within 10 rpm.

The motors were mounted inside of aluminum-alloy nacelles by means
of strein-gage beams such that the thrust, torque, normal force, and
pitching moment of the propeller and spinner could be measured. A photo-
graph of this installation is shown in figure 5.

Tests

The investigation was conducted 1n the Langley 300 MPH 7- by 10-foot
tunnel. The tests were made at various free-stream dynamic pressures and
propeller thruste so selected as to maintain a constant dynamic pressure
of 8 pounds per square foot in the slipstream. Constant thrust on the
inboard propeller was mainteined by varying the motor speed throughout
the angle-of-attack range of -10° to 90°. All data presented were obtained
with the outboard propeller rotating in a clockwise direction and the
inboard propeller rotating counterclockwise as viewed from behind the
propeller. Also, the thrust determined from a given thrust coefflcient
at « = 0° was held constant throughout the angle-of-attack range. The
blade angle on the outboard propeller was adjusted slightly (20.1° or less)
so as to develop the same thrust on this propeller as on the inboard pro-
peller at zero angle of attack. During the tests the thrust on the two
propellers was matched within 0.25 pound for all conditions except for
angles of attack above 60° at a thrust coefficlent of 0.91. For higher
angles of attack the thrust on the outboard propeller exceeded that desired
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by as much as 4 pounds.

propeller) are tabulated as follows:

The varistions of thrust, dynamic pressure,
velocities, and propeller blade angle with thrust coefficient (for each

n T, q_", V + AV, " v B.75R
Te 1b 1b/sq £t | ft/sec a/a YV + AV EZg’
0 0 8 82 1.00 1.000 20

.20 5.0 8 82 .80 Ss) 20
.50 12.5 8 82 .50 707 8
71 17.6 8 g2 .29 539 8
.91 22.6 8 82 .09 .300 8
1.00 25.0 8 82 0 o) 8

The Reynolds number in the slipstream based on the mean aerodynamic
chord of 1.514 feet was 0.8 x 10 :

The normel force, piltching moment, thrust, and torque were measured
for each propeller at a point of intersection of the shaft center line
The pitching moment, 1ift, and drag of the complete
wing-propeller configuration were measured =t the quarter-chord point
of the mean serodynamic chord of the wing.
wing-propeller date presented herein include the direct propellier forces

end the blade axis.

as well as the forces on the wing.

The propeller-alone tests were made by mounting the propeller-nacelle
assembly on a 3-inch-dismeter sting, which was supported from the tunnel

It is emphasized that the

ceiling by a 3-inch tube located 3 feet behind the propeller disk.

mounting was such that the propeller remained in the center of the tunnel

throughout the angle-of-attack range.

The static-thrust calibration of the propeller was maede in a large

room (18 ft by 42 £t by 10 ft) so as to minimize wall effects.

The data presented have been corrected in the following manner.
Approximate corrections for the effect of the tunnel walls on the velocity
in the tunnel and in the slipstream were derived and are presented in
The derivation is based on the simple momentum theory and
assumes the slipstream to be parallel to the free stream. For this con-
The applicebility of the corrections

eppendix A.

dition these corrections are small.
thus derived for conditions spproaching the static thrust and for the

high angles of attack may be questionsble; however, deviations are assumed
to be relatively small and corrections to be fairly accurate for most of
the test conditions.

Corrections
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The Jjet-boundary corrections applied to the angle of attack and _
longitudinal force were estimated by the method of reference 1. For s
given model size, these corrections depend on the circulation sbout the
wing; therefore, the corrections for s particular sngle of attack with
slipstream have been based on the 1ift of the wing at that angle of attack
without slipstream. The following relationships were used:

= o
@ = Odmeasured + 0.5 EF(CL>TC"=

2
7n 144
Cx =& measured ~ ©° 008 q" (CL)T "—é]

The correction to pitching-moment coefficient was estimated and found to
be negligible.

Blockage corrections have not been applied to the data. These cor-
rections were estimated by the method of reference 2 and, with the excep-
tion of the wake blockage correction which would become apprecisble at
the higher angles of attack, the blockage corrections were found to be
small. The data can be corrected for the effects of wake blockage at
the higher angles of attack by a method derived from reference 2, which
can be written in the notation of the present paper as follows:

6 % p
0.03% " I I
Qcorrected = Ymeasured 1+ zl 75—7; Cy - To cos a N 5

= Le

Reduction of Data

The type of flight operation for which the data of this investiga-
tion would be useful is one in which the wing-propeller combination is
rotated as a unit. An example of this configuration is illustrated in
figure 6. For this type of operation, the forward speed may drop to
zero so that force and moment coefficlents based on the free-stream veloc-
ity approach infinlty and therefore become meaningless. For the condi-
tion in which the wing is largely immersed in the slipstream of a pro-
peller, the forces on the wing would be expected to be largely determined
by the dynamic pressure in the slipstream. It appears reasonable, there-
fore, to base the coefficients on the dynamic pressure in the slipstream.
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For this investigation, the dynamic pressure in the slipstream is
assumed to be releted to the measured thrust by the following momentum-
theory equations:

x AVa=0
T = mpAV,_o = P EDa(V + == )Ava;o

where mp 1s the mass flow through the propeller and AVg.o 1is the

increment of slipstream velocity due to thrust at zero angle of attack.
Rearranging terms gives T

2
(_Al%;QL+ V(&Vam0) - ——— = 0

p’f;Dz
Solving by the quadratic equation yields
Mo = Vi [V +2 —Z _ _
X p2 =
p n .
2 2 T
(V+ Ng=0)" = V- + 2 ———
% p2
g

Thils equation may be expressed in terms of the dynamic pressure as

T
X p2

(1)

qnq,:O = q +

Equation (1) has been derived for the condition of zero angle of attack
of the model but has been epplied to all data through the angle-of-attack
range. Additional useful relationships have been derived as follows:

Tc" - _T__ (2)
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L o[ ) -1 -m" (3)
q" vV + AV(!FO

V — - "
()~ s )

For convenience, some values of the most used terms involving T,"
have been tabulated in table I.

RESULTS AND DISCUSSION
Basic Data
Propeller characteristics.- The efficiency curves for the outboard
propeller tested alone at various blade angles are presented in figure 7.

The maximum efficiency reached (about 0.77) was obtained with a blade
angle of 20°, the highest tested. .

In order to minimize the time requlred, the operating conditions
were chosen so that only two propeller blade-angle-settings were required.
A value of 8 75R of 8° was found to be satisfactory for thrust coef-

ficients of 0.91, 0.71, and 0.50 and B-T5R of 20° for a thrust coeffi-
cient of 0.20.

The choice of blade angle for use at zero forward speed (vertical
take-off or landing) cannot; however, be made on the basis of the effi-
clencies presented in the curves of figure 7. For this purpose, an
efficiency factor based on the ability of the propeller to produce static
thrust must be used. The static-thrust efficiency can be written in a
manner analogous to the flgure of merit of rotors:

N0
n=T' 2

550P
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which can be reduced to

"o T5/2
1100P}/2 * p?
2k

The maximum statlic-thrust efficiency of 0.7 shown in figure 7
(circled point) was obtained with a blade angle of 8°. With the pro-
peller disks overlapped, the static-thrust efficiency was reduced to
0.65 as indicated in figure 8. A corresponding reduction in efficiency
at forward speeds is indicated in figure 8. This loss in static-thrust
efficiency with the propeller disks overlapped does not necessarily mean
that overlspping is undesirable, however, because, for an airplane of
a given size and with a given number of propellers, overlapping permits
the use of larger dlemeter propellers, which can result in an increase
in static thrust for a given horsepower, even though the efficiency is
reduced somewhat by overlapping.

The variations of the propeller thrust coefficlent Cp and power

coefficient Cp with angle of attack are presented in figure 9. It
should be remembered when use is made of these data that the thrust was
held constant throughout the angle-of-attack range and the rotational
speed and power were allowed to decrease with increasing angle of attack.
In general, the data for the isolated propeller show somewhat lower
values of Cp and Cp then the data for the propeller or propellers

operating in the presence of the wing. The biggest differences, how-
ever, occur under conditions that are not likely to be of practical
interest (high forward speed (Tc" = 0.2) at high angles of attack). The

corresponding varistions of YZE%%JE are presented in figure 10. The

power required for a constant thrust condition through the angle-of- .
attack range is presented in figure 11. In general, the power decreased
as the angle of attack incresased.

The normal-force and pitching-moment coefficients of the outboard
propeller are presented in figure 12. Similar data for the inboard pro-
peller are not presented because of difficulties experienced with the
instrumentation for the inboard propeller that resulted in excessive
scatter and large shifts in the zero readings. The general trend of the
data, however, was similar to that for the outboard propeller. The prob-
lems of obtaining relisble data were considerably increased because the
strain-gage beams, which measured the normsl force and pitching-moment
loads, were also required to support the relatively heavy motor and carry
the high thrust and torque loads. -
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Also presented in figure 12 are the theoretical veriations of normal
force obtained by the method of reference 3. The theoretical variation
of propeller normal force with angle of attack of reference 3 is intended
to be applicable only st angles of attack near zero. The additional
factors which contribute to the normal force at high angles of attack
cannot readily be included in the theoretical treatment. It is inter-
esting to note, however, thet, for the configuration of this investigation,
calculations of the normal-force coefficient using the g-factor (which
accounts for the inflow to the propeller) based on the component of thrust
in the free-stream direction rather than in the thrust direction, as
assumed in reference 3, show relatively good agreement with the measured
data. ‘

The operstion of both propellers in the presence of the wing is seen
almost to double the pitching moment of the outboard propelier as com-
pared with that of the propeller alone. This magnitude of increase cannot
be attributed to an increase in wing-induced upwash at the propeller disk,
because such an increase should produce corresponding lncreases in pro-
peller normal force. It is probable that these increases in pitching
moment are due to a change In the velocity through the upper and lower
portions of the propeller disk (as referenced to the wing-chord plane).
An increase in velocity over the wing (upper part of the propeller disk)
would. tend to decrease the thrust from the top part of the disk. Con-
versely, a decrease in veloelty through the lower half would incresse the
thrust of this part of the propeller; thus an increase would occur in the
nose-up pitching moment of the propeller with increasing angle of attack.

The propeller pitching moment can be regarded as being due to the
fact that thrust of the propeller is aspplied at some distance from the
center of rotation. The effective radial location of the thrust vector
is presented in figure 13 and was determined from the pitching-moment
data of figure 12 by the following relation

cmp"sa

T" ’-é D>

o+

For the most extreme condition the effective location of the thrust
vector is seen to move downward more than 20 percent of the propeller
radius. (See sketch, fig. 13.)

The significance of these propeller pitching moments can be judged
from figure 14, which presents the total contribution of both propellers
to the total model pitching moment. Because the data on the inboard pro-
peller was unreliable, the data obtained for the outboard propeller was
used for both the inboard and the outboard propellers in the summation
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represented by ACp". The calculsted variation was obtained by using the

calculated values of normal-force coefficients (fig. 12) and letting the
pitching-moment coefficient be zero. It can be seen that the usual pro-

cedure of basing the propeller contribution only on the propeller normal

force accounts for less than haelf of the total contribution for this con-
figuration at these thrust coefficients. Additional datas on the normal

force and pitching moments of isolated propellers are presented in ref—

erences 4 and 5. —— ==

The contributions of the spinner (when not rotating) to the pro-
peller normal force and pitching moment are presented in figure 15.

Wing characteristics.- Figure 16 presents the variation with angle
of attack and thrust coefficient of the 1ift coefficient based on the
dynaemic pressure in the free stream. Figure 17(a) presents the same data
based on the dynamic pressure in the slipstream. The 1ift variation for
a thrust coefficient of 1.0 (dashed line of fig. 17) cannot be presented
in figure 16 because, if the free-stream dynsmic pressure were used to
obtain the coefficient, the 1ift coefficient at all angles of attack
would be infinite. The disadvantage of basing the coefficients on the
Tree-stream dynamic pressure is thus readily epparent. SRR

Increasing the thrust coefficient, with either one propeller (fig. 18)
or two propellers (fig. 17), results in an increase in the angle of attack
at which meximum 1ift is reached and a more gradusl variation of the 1lift
with angle of attack ebove maximum 1ift. It should be remenbered that T
these results are for comstant thrust throughout the angle-of-attack range.
If the power were held constant as the angle of attack was increased, the
thrust would increase with angle of attack and an even more gradusl vari- -
ation of 1ift sabove maximum 1ift would be indicated. _ o

The date at T." = 0 (figs. 17 and 18) were obtained with the pro-
pellers removed. Data are compared in figure 19 for conditions of pro-
peller removed, of zero thrust with the propellier on, and of propeller
windmilling. Removing the propeller results in a small reduction in 1if%
in the region of meximum 1ift. As would be expected from the propeller
.data discussed previously, removing the propellers appreclably decreases
the unsteble variation of pitching moment with angle of attack at the i
low angles of attack. These effects should be kept in mind when the :
propeller-off pitching-moment data of figures 17 and 18 are used. g

The deta of figure 20 indicate, as might be expected, that the
nacelles disturb the flow over the wing so that the wing with nacelles.
stalls at a lower angle of attack and lower 1ift coefficient than the =
wing alone. As would be expected, the necelles also csuse a marked

n
decrease in the static longitudinal stability | increase in égg—
below the stall. da
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The destabilizing effects of the propellers and nacelles at zero
angle of attack are summarized in figure 21. These dsta show that, near .
zero angle of attack, there is only a small variation of stability, as

C 1"
indicated by the curve of a—m; against thrust coefficient.

Estimation of the lift-curve slope.- Reference 6 presents relation-
ships for estimating the increase of 1lift due to a slipstream flowing
over the wing. Rearranging the relationship to provide an expression
for the lift-curve slope of the wing with slipstream and using the nota-
tlon of the present report gilves the following equation:

acy." aC : d, ¢y

0" _ (3 (1_Tc")1+i(‘_’__]>7\_0_5 22V \@)
da da T > &
For the present configuration, A\ can be taken as 1.0 (ref. 6),

' -
('ﬁr" - 1) is obtained from equation (BS) of eppendix B, g= g is obtained

from equation (B7) of appendix B, and i

1

6(5?3) (acL/aa)Tc..=o

The l1lift-curve slope caen be expressed as

acr,” oCy, dlc/l - \1-mo." (1 +K) (6)
- T n

—=\—= (1 -me") 1+
o (Ba >Tc"=O ° \% + |1 c

I
=

where d3; can be obtained from equation (B4) of asppendix B. Calcula-

tion of the lift-curve slope by this equation underestimates the measured
lift-curve slope (fig. 22). .

If it is assumed that the ineclination of the slipstream 1s zero

® = 0), equation (5) reduces to
2
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ac_L_:(a_Ci) (1-Tc")1+dlcj'- V2 Te )14 k) (7
da da "_0o S o ’l — Tc"

end much better agreement with the experimental data is obtained (fig.22).
This equation, in effect, 1s based on the assumption that tThe ¢circula-
tion around the wing is unchanged by the presence of the slipstream and
the increase in 11ft is directly proportional to the increase in velocity
across the circulation.

If it is further assumed that the wing is far enough behind the
propeller so that the full slipstream velocity is developed (K = 1) and

d;c .
. that the wing is fully immersed in the slipstream.(—%h-= >, the equation

reduces to the simple form

" BCL)' ; |
Y‘.(a_a," N e @

=0

The higher lift-curve slope obtained for the configuration with two
propellers than with one propeller is primarily due, according to equa-
tion (7), to the greater percentage of wing area that is immersed in the
slipstream.

Performance Estimates
The procedure outlined in appendix C was used to estimate the per-

formance of a hypothetical four-propeller girplane as it traversed the
regime of flight represented in figure 6. The hypothetical airplane was
assumed to have linear dimensions 6 times those of the model. Calcula-
tlons were made for standard sea-level conditions, and the fuselage and
other parts of the airplane not represented by the model were assumed to
have a drag coefficient of 0.01.

The veristlion of the thrust coefficient required and the forward
velocity reached in constent-altitude transitlon, as the wing attitude
is lowered from 90° for take-off to conventional flight attitude is shown
in figure 23. The corresponding veriation of thrust power required with
forward velocity for an assumed wing loading of 40 pounds per square foot
is shown in figure 24. The thrust power required is seen to decrease
guite rapidly in the low speed range. The minimum thrust power required-
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occurs in the normal flight range at a speed of 160 mph and a wing atti-
tude of 8.5°. The dashed curve represents the thrust power that would

be required if the wing were removed; that is, if the airplane were flown .
8s & helicopter. TFor these c¢alculations the total thrust was assumed
always to equal the welght and the tilt of the rotors was assumed to be
negligible (cos =~ 1 in eq. (C7) of appendix C). The higher thrust
power shown for the configuration employing the wing as shown in figure 24
reflects the high drag of the wing at these attitudes. This high pover
would probably not be serious, however, because the power required is
always lower than that required for teke-off. It will be noted that

(with the assumption that 7 = 0.75 at high speed and 1" = 0.65 for
static-thrust teke-off) if this airplane were designed for. a high speed
of the order of 350 to 400 mph, sufficient power would be available for
vertical take-off with the 12-foot-diameter propellers represented by

the ones used on this model.

The untrimmed pitching moment and corresponding effective aerodynamic-

n

center location, as indicated by égﬂ— for the conditions of this analy-

ocy," :
sis, are indicated in figure 25. No allowance for the effects of trimming
these moments was made in this analysis. These data are based on the
assumption that the center of gravity of the airplane 1s located at the
plvot axis of the wing and that this axis is located at the quarter-chord -
point of the mean serodynamic chord. Figure 25(c) indicates that a more
forward location of the pivot axls would be desirsble in reducing the out- _
of-trim moments. Figure 25(a) indicates that a full-span, 30-percent-chord
trailing-edge flap (ref. 7) would be ineffective in balancing the sirplane.
The complete loss in effectiveness in the angle-of-attack range from 56°
to 77° indicates that the wing is partially stalled in this angle-of-
attack range. : ) -

CONCLUSIONS

An investigation of the aerodynemic characteristics of a wing-
propeller combination and of the wing and propeller separately at angles
of attack up to 90° indicates the following conclusions:

1. Increasing the thrust coefficient increased the angle of attack
for meximum 1ift coefficlent and greatly diminished the reduction of 1ift
coefficlent above the angle of attack for maximum 1ift. Analysis of the
operation of a hypothetlcal sirplane designed for vertical teke-off indi-
cated that partial wing stalling probably would be encountered in certain
flight attitudes but sufficient power would be available for flights at
any attitude.
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2. The effects of slipstream on the variation of the lift-curve
slope with thrust coefficient would be satisfactorily estimated for this

model by means of a modified form of a method formulated by Smelt and
Davies. .

3. The variation of propeller normsl force with angle of attack com-
pared favorably with calculated values. There was also an appreciable .
direct pitching moment on the propeller itself. Thls pitching moment
was approximately doubled when the propeller was operated in the presence
of the wing an$l corresponded to a downward movement of the effective center
of thrust of approximately 20 percent of the propeller radius.

h. Calculations for a hypothetical airplane, with a wing loading of
L0 pounds per square foot and the relationship of the total propeller
disk area to wing area represented by this model, indicate that airplanes
designed for a high speed range of 350 to 400 mph will have sufficient
power avellable for vertlcal teke-off.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronsautics,
Langley Field, Va., August 13, 1954.
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APPENDIX A
TUNNEL-WALL, CORRECTIONS

In order to correct the wind-tunnel data for tunnel-wall effects
the following relations for velocltles were obtained in a manner similar
to that presented in reference 8. The symbole that are used in this
appendix and which have not been defined previcusly are defined as follows:

A propeller disk areas, ﬁ-Dg, sq £t

C tunnel cross-sectional area, sq ft
8 slipstream cross-sectional srea, sq ft
statlc pressure lb/sq ft : R

local velocity, ft/sec

K1 ratio of free-stream veloclity to slipstream velocity, e}

Subscripts: : *

0] far shead of propeller disk

1 in tunnel at propeller disk but outside of slipstreanm _

2 in tunnel far behind prbpeller disk but outside of slipstream

3 in slipstream far behind propeller disk _
4 immediately behind propeller disk — .
5 immedlately ahead of propeller disk _ }

X at any station
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The following sketch shows the relative location of the stations at
which the velocities, pressures, and areas used in the followlng equa-
tions were obtained:

Tunnel walls

L ]
C I v]_ A V2 |
g ! Pa:
—QL— Vy
' - - N3 Psles
Po P5 | Py

\\—— Propeller disk

1
]
I
1 Pz = Ppo
!

The relationship of pressure and velocliy as determined by Bermoulli's
equation for a station in front of the propeller, behind the propeller
disk, and outside the slipstream tube are as follows:

Ahead of propeller:

g2 o 1l 2
Po + A0 P5 + 5AV), .(Al)
Behlnd propeller:
1l 2 1. 2 '
= = + = A.2
Py + 5, = P5 + 5 (a2)
Outside of propeller:
Po + %Woz = Dp + %pvaz - (43)

Also, assume

P3 = Py (Ak)
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Solving for %ﬁVuz in equations (Al) and (A2) and equating glves

Pg - Py + %pvoa =Pz - P * %—pvf (A5)
Also,
Py - Pg = = % : (A6)

Solving for p, - Ps in equation (A5) and substitution in equation (A6)
gives . . . L

L 1.2 - 12
K P5 - Pg + 2W3 2FVO (AT)

end, from equations (A3) and (AkL),
lar 2 14 2
- - _FN = - —d’ A8
P5 Po > o) > 2 (A8)

Then, from eguations (A7) and (A8),

T pfy 2 2
L= (V= -V A
A 2<‘3 2 > (A9)
By definition,
Tc"— T (AlO)
B AV32
and from equation (A9)
v 2
T = 1 - (=2 (A12)
A

From continuity that AV = A,V,, the cross-sectionsl eres of the slip-
stresm can be obtained; thus
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VoC = V1(C - A) + VjA = Vo(C ~ 8) + Vzs
Voc = VZC - V28 + V3S

o= ¢ Jo-V2) (a12)

(V3 - 2)

Solution for the thrust from the equations for axial momentum 1s obtained
by use of the followlng equations:

T = SPV5(V3 - Vo) - (C - 8)pVa(Vg - Vo) + C(ps - pg) (a13)

Substituting for (py - py) from equation (A3) gives

T = spV5(V3 - Vo) - (C - 8)(pV2) (Vo - Vo) + C & (V® - vo2)
(A1k)

Substituting for s from equation (Al2) into equation (Al%) and solving
for VO glves

P ) o
Vo = (V3 + V2) + V5 - a (Al5)

Substitute T = %A(\Ba - V22) from equation (A9) into equation (A15)

to obtain

-2 A 2 2
Vo= (Vs + V) & \/V5 - E(V3 - V2 ) (a16)
; 2 Vo2 . .
But, from equation (All), V3 = —%———, s0 that substituting into
l - Tcll

equation (A1l6) and using the minus sign gives
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14 \/l-Tc" - \/1-%%"

Vo = Vs (A7)
’l _ Tc"
Also,
vo=v31+\/1-Tc"-\/1-%Tc" (A18)
A simplification can be effected by assuming that -
Then,
K
Vo = Vp — 22—
\ ’l - Tc“
where
Ky =1+ \/1 - T - \/1 - CéTc" (A19)

The equations for slipstream area and wvelocities are then as follows:

(A20)
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From equation (A1lT)

From equetion (A18)

25

Vo = (\/1 - Tc")l—i (Aél)w

Vs = 2 (A22)

From continuity, VyA = Vzs so that, with equations (A20) and (A22),

Since, from continuity,

a V_o(g)l' togte (423)

Vo€ = V& + V (C - A)

equation (A23) can be used to obtain

1(1- (r-g”
VoC[L - =
1 N




24 NACA TN 3304

APPENDIX B
SLIPSTREAM CHARACTERISTICS

The following relationships concerning the character of the slip-
stream are helpful in analyzing the effects of slipstream on the aero-
dynamic characteristics of wings.

Diameter of the slipstream at sny T." and any distance behind the

propeller.- Reference 6 gives a relation for the velocity at any point
in the slipstream as

x/D
V'=V+A_V.l+-—-(———— =V+g(l.+K) (Bl)
2 2 :

2
1 X
_+(._)

vhere V' 1s the velocity at distance x from the propeller disk.
If the mass flow in the slipstream is assumed to be constant, then,

@f=p"Y =/ p? v (B2)
1+ 2+ x)
2v

‘where dy 1s the dlameter of the slipstream at dlstance x from the
propeller disk and
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From equation (4) of the main body of this paper,

v_oioVi-otet (83)
2\1 - T."

Equation (B3) can be substituted into equation (B2) and the result
simplified to obtain

g2 RtV -Te (B)
2 + (\/1 - Te" - 1)(1 - K)

Also, from equations (Bl) and (B3),

>,

]

' 1-\/1-T"
Y 154k = (1 +K) (B5)
v 2V 1t

2\/1 - T¢

Inclination of the slipstream.- From reference 6 the following rela-

tionship for the inclination of the slipstream to the free stream at
small-angles of attack can be obtained:

NV
.

1+ &
oV

8 = (B6)

From equations (B3) and (B6)

_1- Vi - 1." (B7)
1+ \V1-m"

where @ is the inclination of the thrust axis and @ is the inclina-
tion of the slipstream at the propeller disk.

p=N [0y
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APPENDIX C

PERFORMANCE CAICULATIONS

Calculation of the performance by use of coefficients based on the
dynamic pressure in the sllpstream required some modification of con-
ventlonal procedures. The thrust coefficient required for steady level
flight at a particular attitude can be obtained by cross plotting the
longltudinal force to determine the thrust coefficient for zero longi-
tudinal force. Simllar cross plots of 1ift coefficient can be used to
determine the 1ift coefficient available at this thrust coefficient.

The forward speed corresponding to this thrust coefficlient and 1ift coef-
ficlent is calculated by the following equation

Vmph —V WLS L - Tc") (Cl)

The total thrust at this thrust coefficlent is given by

= T, "<%> ("f) (c2)

The thrust horsepower required for steady level flight can be cal-
culated from momentum relations from the following basic equation:

yavj
NT 2L
2

NTV cos a_+
550 550

thPrequired = (c3)

where the first term represents the power required to overcome the drag
and the second term represents the power in the slipstream. In the speed
range of conventional airplanes the second term is negligible and cos «
1s approximately unity. The power required equation then reduces +to the
conventional

_ NTV
thprequired - 550
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The increment of velocity in each slipstream due to thrust (AV) can
be obtained from the momentum relation

T=mpAV=p’I‘D2(V+%’)AV

where my is the mass flow through the propeller and

& =\[V+2 T _vy (e
p L D7

For vertical take-off and landing, V 1is zero and the power required
(eq. (C3)) reduces to

wr N(r)3/2

thPrequired = 555 = (c3)

J_loog- \/(p/2)x - -

For the intermediate flight conditions at low speeds, equation (Ch)
can be expressed in terms of the thrust coefficient T," as

(l - m) (c6)
\/:L - 7"

The total thrust horsepower required is then given by

&N =T

1o VI-Te! (c7)
2\/1 - Ta"

NTV
thPrequired = 555 (%08 & *



28

NACA TN 3304

REFERENCES

. Gillis, Clarence L., Polhamus, Edward C.,. and Gray, Joseph L., Jr.:

Charts for Determining Jet=Boundary Corrections for Complete Models
in 7- by 10-Foot Closed Rectangular Wind Tunnels. NACA WR L-123,
1945. (Formerly NACA ARR I5G31.)

. Herriot, John G.: Blockage Corrections for Three-Dimensional-Flow

Closed-Throat Wind Tunnels, With Consideration of the Effect of
Compressibility. NACA Rep. 995, 1950. (Supersedes NACA RM ATB28.)

. Ribner, Herbert S.: Notes on the Propeller and Slipstream in Relation

to Stability. NACA WR L-25, 194k4. (Formerly NACA ARR L4I12a.)

Lesley, E. P., Worley, George F., and Moy, Stanley: Air Propellers
in Yaw. NACA Rep. 597, 1937.

. McLemore, H. Clyde, and Cannon, Michael D.: Aerodynamic Investigation

of a Four-Blade Propeller Operating Through an Angle-of-Attack Range
From 0° to 180°. NACA TN 3228, 1954.

. Smelt, R., and Davies, H.: Estimation of Increase in Lift Due to

Slipstream. R. & M. No. 1788, British A.R.C., 1737.

. Kuhn, Richard E., and Draper, John W.: An Investigation of a Wing-

Propeller Configuration Employing Large-Chord Plsin Flaps and Lerge-
Diameter Propellers for Low-Speed Flight and Vertical Take-Off.
NACA TN 3307, 195k4.

. Glauert, H.: The Elements of Aerofoll and Airscrew Thedéry. Sec. ed.,

Cambridge University Press, 1947. (Reprinted 1948.)



NACA TN 330k

TABIE I

FUNCTIONS OF T,"

0 1 1 0 2 o)
1 .90 949 -.051 1.949 .051
.2 .8 .89k -.106 1.8 .106
.3 .70 837 -.163 1.837 - .163
A .60 rare -.226 1.77h 226
5 .50 707 -.293 1.707 .293
.6 1o 632 -.368 1.632 .368
T .30 548 - .52 1.548 452
.8 .20 Al -.553 1.447 .553
.9 .10 316 -.684 1.316 684
.92 .08 .283 - 737 1.283 STAT
.9k .06 245 -.755 1.245 .55
.96 .0k .200 -.800 1.200 .800
.98 .02 k1 -.859 1.141 .859

1.0 0 0 -1.000 1.000 1.000
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Lift
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7

Longrtudinal
force
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Velocrty

Figure 1.- System of axes showing positive direction of forces, moments,
and angles.
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Figure 6.~ Illustration of a method for vertical teke-off and translation
to horizontal flight for which data are applicable.
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(a) T" = 0.91; B.75R = 8.0°.

Figure 9.- Propeller characteristics through angle-of-attack range with
constant shaft thrust.
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Figure '9.- Continued.
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Figure 12.- Variation of direct pitching moment and normal force coeffi-

* cients outboard propeller through angle-of-attack range.
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Figure 12.- Continued.
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Figure 1L4.- Increment of model pitching moment due to the propellers
(two propellers in operation).
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Figure 18.- Continued.
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Figure 19.-~ Effect of propeller on serodynamic characteristics of the
model. Propeller windmilling, propeller at To" = 0, and propeller-

removed conditions.
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Figure 19.- Continued.
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Figure 20.- Effect of nacelles on aerodynamic characteristics of the model.
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(Flagged symbols indicate check tests.)
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Figure 20.- Continued.



NACA TN 3304

2
8}/Vace//es on
s a Nacelles of
S .7 -
Y B
2
S .
= 0
S
1 XY \L' a
LS Y g
o - : 5
E N
S
g
] \\
Q€ - -
< ~ 2
=
.3 ‘
-4

20 O 20 40 60
Angle of attack,a,deg

(¢) Pitching-moment coefficient.

Figure 20.- Concluded.

80




68
O Wing, nacelles and propellers
O Wing and nacelles
& Wing alone
2
6Chw” Eais .
d CL " / A ]
G
0 1
< T
u A : € = :
dCm ¢
a CLII E-‘ -
0

o 2 4

6
Thrust coefficient,T.”

&

1.0

NACA TN 3304

Z propellers

/ propeller
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Figure 22.- Variation of 0Cr"/da with thrust coefficient near a = 0°.
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Figure 24.- Variation of thrust horsepower required for level flight for
assumed airplane.
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